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We propose a two-terminal spin-orbit interferometer with a hot molecule inserted in one of its
arms to generate pure spin currents. Local heating is achieved by coupling the vibrational modes
of the molecule to a third (phononic) reservoir. We show that this spin caloritronic effect is due
to the combined influence of spin-dependent wave interference and inelastic scattering.
Remarkably, the device converts heat flow into spin-polarized current even without applying any
voltage or temperature difference to the electronic terminals. VC 2013 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4826108]
Recent experimental demonstrations of spin-polarized cur-
rents using thermal gradients only1,2 have fueled the interest in
finding synergies between thermoelectricity and spintronics.
Thus, the field of spin caloritronics3 seeks new functionalities
that exploit the coupling of charge, spin, and energy degrees of
freedom in nanostructures. Here we propose a molecule-based
spin caloritronic device that extracts heat from a nearby phonon
bath and transforms it into a spin current that flows out into
coupled electronic reservoirs. Crucial to our setup is the pres-
ence of tunable spin-orbit interactions, which causes traveling
electrons to acquire a phase that depends on its spin orientation
within an Aharonov-Bohm-type interferometer.
Recent works predict that heat current can be converted
into electric current in three-terminal thermoelectric nanode-
vices either due to inelastic processes at a molecular bridge4
or due to Coulomb coupling in interacting quantum dots.5
The generated charge current is determined by the tempera-
ture difference between the third terminal kept at an elevated
temperature and the base temperature of the system. Further
investigations include time-reversal symmetry breaking
effects,6 chaotic cavity heat engines,7 and phonon-assisted
instabilities.8 The effect originates from a rectification of
temperature fluctuations in the coupled unbiased conductor,
similarly to the directed motion induced in the drag effect.9
Importantly, unlike the pure electric case which requires four
current-carrying terminals, in these thermoelectric effects it
suffices to couple a third energy-supplying subsystem (elec-
tronic or phononic).
Our proposal considers an Aharonov-Bohm (AB) ring
connected to two normal electronic reservoirs and a mole-
cule embedded in one arm of the ring, see Fig. 1. For defi-
niteness, the molecule is assumed to have a single level
active for transport. The system is subjected to Rashba spin-
orbit interaction arising in inversion asymmetric potentials.
This configuration has been shown to give rise to local spin
polarizations,10 spin separation,11 and pure spin currents.12
Furthermore, this is a useful setup to analyze the competition
between spin randomizing Rashba interactions and many-
body spin singlets arising from Kondo correlations.13,14
These works require small voltage biases applied to the
Fermi reservoirs. In contrast, our device operates in the
entire absence of electric or thermal gradients applied to the
leads, but is instead based on a hot phonon field locally
coupled to the embedded molecule.
The model Hamiltonian for our device, H ¼ HC þHM
þHT , consists of three parts: HC ¼
P
‘¼L=R;k;rekrc
†
‘krc‘kr is
the Hamiltonian of two normal left (L) and right (R) elec-
tronic reservoirs, HM ¼
P
rEdd
†
rdr þ hx0a†aþ kðaþ a†ÞP
rd
†
rdr describes the embedded molecule with level Ed
coupled to a phonon bath with an excitation frequency x0
and coupling strength k, and HT ¼
P
‘;k;rðV‘c†‘krdr þ H:c:Þ
þPk;p;rðWeiurc†RprcLkr þ H:c:Þ accounts for electron tunnel-
ing between the molecule and the reservoirs. Here, c‘krðc†‘krÞ
are fermionic annihilation (creation) operators for electrons
with wave vector k and spin r in lead ‘ ¼ L=R and drðd†rÞ
represent electrons at the molecule site and aða†Þ denotes the
bosonic annihilation (creation) operator. V‘ is the probability
amplitude for an electron transfer between the molecule and
the electronic reservoirs whereas W describes direct tunnel-
ing between electronic reservoirs. The effect of Rashba spin-
orbit interaction acting upon the molecule is embodied in the
phase factor10–14 ur ¼ ru, where u ¼ aRl (aR is the Rashba
strength and l the size of the molecule) and r ¼ þðÞ for
spins up (down).
We consider thermoelectric effects in the linear response
regime. Thus, we expand the electrochemical potential and
temperature in each electronic reservoir around the equilibrium
state defined with common chemical potential l and base
temperature T. Then, l‘r ¼ lþ Dl‘r and TL=R ¼ T6DT=2;
similarly, TP ¼ T þ DTP for the phonon bath. Using Dlr
¼ lLr  lRr, we define the charge and spin voltage biases
eDV ¼ ðDl" þ Dl#Þ=2 and eDVs ¼ ðDl"  Dl#Þ=2, respec-
tively.15 Hence, the spin-resolved current is
Ir ¼ GðurÞDV þ rGðurÞDVs þ LðurÞ
DT
T
þ XPðurÞ
DTP
T
:
(1)
The transport coefficient G is the linear conductance in
response to a charge or spin voltage shift. L is the thermo-
electric response due to a temperature difference applied to
0003-6951/2013/103(17)/172401/3/$30.00 VC 2013 AIP Publishing LLC103, 172401-1
APPLIED PHYSICS LETTERS 103, 172401 (2013)
 This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
128.111.9.50 On: Mon, 21 Oct 2013 18:13:20
the electronic leads. Finally, XP describes phonon-assisted
transport owing to possible temperature differences between
the bosonic bath and the system. We remark that local pho-
non heating effects have been investigated in electronic mo-
lecular systems.16,17
Importantly, the transport coefficients in Eq. (1) have
elastic and inelastic contributions: G¼Gel þ GP and L¼ Lel
þ LP. Expressions for Gel and Lel can be found in Ref. 6 with
the replacement uAB ! ur. We here prefer to focus on the
inelastic contribution originated from electron-phonon (e-ph)
coupling since it is precisely the combined effect of inelastic
scattering and spin-orbit interaction which establishes the
operating principle of our proposed device. Within the none-
quilibrium Green function approach,18 we find GPðurÞ ¼
ð2k2e2=hÞÐ deBðe;urÞM0ðe;urÞ, where Bðe;urÞ ¼ ðNT=kBTÞ
~CðeþÞ~CðeÞjGrr;rðeþÞGrr;rðeÞj2ð1 f0ðeþÞÞf0ðeÞ and
M0ðe;urÞ1AðeþÞAðeÞþ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃT ðeþÞT ðeÞ
p
sin2ðurÞ with
e6 ¼ e6hx0=2, the Fermi distribution function f0ðeÞ
¼ ðeðelÞ=kBT þ 1Þ1, and the Bose occupation factor
NT ¼ ðehx0=kBT  1Þ1, both evaluated at equilibrium. Here,
~CðeÞ ¼ ðCLðeÞþCRðeÞÞ=ð1þ nðeÞÞ is the (renormalized) total
resonance width, where C‘ðeÞ ¼ pq‘ðeÞV2‘ and nðeÞ ¼ p2qL
ðeÞqRðeÞW2 is the direct tunneling coupling, with q‘ðeÞ the
l-lead density of states. The retarded Green’s function in the
absence of e-ph coupling is given by Grr;rðeÞ ¼ ðe edþ i~C
þ~C ﬃﬃﬃﬃﬃanp cosurÞ1 with aðeÞ ¼ 4CLCR=ðCL þCRÞ2. We have
defined the functions AðeÞ ¼ ½ðCLCRÞ=ðCLþCRÞ½ð1nÞ=
ð1þnÞ and T ðeÞ ¼ 4an=ð1þnÞ2. The thermopower inelastic
term can be cast in the form LPðurÞ ¼ ð2k2e=hÞ
Ð
deBðe;urÞ
½ðe lÞM0ðe;urÞ þ ðhx0=2ÞM1ðe;urÞ, where M1ðe;urÞ
 ½AðeþÞ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃT ðeÞ
p AðeÞ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃT ðeþÞ
p  sinur. Finally, the
phonon assisted current contribution is XPðurÞ ¼ ð2k2e=hÞ
hx0
Ð
deBðe;urÞM2ðe;urÞ with M2ðe;urÞ  ½AðeÞAðeþÞ
þ½ ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃT ðeþÞ
p  ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃT ðeÞ
p sinur.
In the wide-band limit, q‘ is energy independent. Then,
T ðeÞ and AðeÞ become constants and we find XPðurÞ ¼ 0,
i.e., the spin current Ir is insensitive to changes in TP.
Interestingly, for the general case of energy-dependent den-
sities of states our model predicts, quite generally, a spin-
dependent flow generated by nonzero DTP. To see this, let us
analyze the charge Ic ¼ I" þ I# current,
Ic ¼ ½Gðu"Þ þ Gðu#ÞDV þ ½Gðu"Þ  Gðu#ÞDVs
þ½Lðu"Þ þ Lðu#Þ
DT
T
þ ½XPðu"Þ þ XPðu#Þ
DTP
T
; (2)
and the spin Is ¼ I"  I# current,
Is ¼ ½Gðu"Þ  Gðu#ÞDV þ ½Gðu"Þ þ Gðu#ÞDVs
þ½Lðu"Þ  Lðu#Þ
DT
T
þ ½XPðu"Þ  XPðu#Þ
DTP
T
: (3)
In order to examine the possibility of generating pure spin cur-
rent, i.e., Ic¼ 0 and Is 6¼ 0, only via local heating ðDTP 6¼ 0Þ
we set DT ¼ 0 henceforth. Due to symmetry considerations,
we have Gðu"Þ ¼ Gðu#Þ  GðuÞ. In addition, for symmetric
couplings ðCL ¼ CRÞ we find XPðu"Þ ¼ XPðu#Þ  XPðuÞ.
Hence, Eqs. (2) and (3) reduce to
Ic ¼ 2GðuÞDV; (4)
Is ¼ 2GðuÞDVs þ 2XPðuÞDTP
T
: (5)
This particularly simple result is central to our proposal.
When no dc voltage is applied ðDV ¼ 0Þ, the charge current
Ic vanishes and just a pure spin current remains.
Furthermore, when the spin relaxation time in the reservoirs
is very short,19 we can neglect the term proportional to the
spin bias DVs and thus Is is uniquely determined by the tem-
perature difference between the phonon bath and the system.
In general, our thermomagnetic device produces spin-
polarized currents from temperature differences only.
For realistic systems, lead couplings can be asymmetric
and we then obtain nonvanishing charge currents. However,
this finite charge current can be cancelled by applying a
compensating bias voltage across the system. A similar com-
pensation effect has been proposed for a two-terminal quan-
tum dot system.20 The difference is that we heat up the
molecule using local phonon coupling and allow for
(Rashba) electric fields while Ref. 20 uses Zeeman magnetic
fields. Thus, our proposed device is an all-electrical setup.
FIG. 1. Schematics of the setup. A molecule or quantum dot with a single
level Ed is embedded in an Aharonov-Bohm ring coupled to two Fermi res-
ervoirs (L and R) with electrochemical potentials lLðRÞ and temperatures
TL(R). A spin-dependent phase ur originates from spin-orbit Rashba interac-
tions, generally leading to spin-dependent chemical potentials, l‘r. Our de-
vice is influenced by the presence of a bosonic bath described by the
Bose-Einstein distribution function Nph with temperature TP.
FIG. 2. Normalized spin current versus the Rashba phase u for (a) different
phonon frequencies x0 at fixed direct tunnel coupling n ¼ 0:4 and (b) differ-
ent values of n for x0 ¼ 0:4. Parameters: k ¼ 0:8; T ¼ 0:1; DTP ¼ 0:05;
Ed ¼ 0:8, and bandwidth D¼ 10 with a semielliptic density of states
qðeÞ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 4ðe=DÞ2
q
. Here, energies are given in units of C and the current
unit is I0 ¼ ex0k2=C2.
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Figures 2 and 3 display the spin currents as a function of
the Rashba phase u and the molecular energy level Ed for
various values of the phonon frequency x0 and direct tunnel-
ing strength n. Figure 2 shows oscillations of the spin current
when u changes from 0 to 2p. At fixed temperature, the
number of phonons decreases when x0 grows, yielding
lower spin currents as shown in Fig. 2(a). In Fig. 2(b), we
observe a weak dependence of the spin current amplitude on
n. This is a nice property—the generated spin polarization is
robust against unintentional variations of the background
transmission. Figure 3 illustrates the gate dependence of Is at
a fixed Rashba phase. We also find that the current amplitude
enhances as x0 decreases. Spin currents are maximized for
specific positions of the molecular level: Ed ¼ 0:25C and
Ed ¼ 0:75C. Moreover, the level positions at which Is is
maximal depends weakly on x0. Finally, Fig. 3(b) presents
small variation of the spin current when n varies substan-
tially, in agreement with the robustness discussed above.
In prototypical molecular transistors, vibrational frequen-
cies are found to be of the order of THz for C60 (Ref. 21) and
carbon nanotubes.22 These systems are most suitable to test
our predictions due to their intrinsic spin-orbit coupling.23 We
estimate from Figs. 2 and 3 that the achievable spin currents
are of the order of Is  1 pA for C ¼ k ¼ 1meV;x0 ¼
1THz; T ¼ 1K, and DTP ¼ 0:5K. A similar setup also yields
currents of the order of 1 pA.5 This current range is small but
can be detected within present techniques.24
In summary, we have proposed a spin current generator
by locally heating a molecule embedded in a spin-orbit inter-
ferometer. Our device works even in the absence of voltage
and temperature bias applied to the electronic terminals.
Importantly, our heat-to-spin current mechanism is
independent of magnetic couplings to external reservoirs, in
contrast to recent proposals which emphasize interactions
with ferromagnetic leads.25 We have found that optimal spin
polarization can be determined by adjusting the Rashba spin-
orbit coupling and the energy level of the molecule. Our
results are relevant in view of recent developments in the
field of spin caloritronics. Analogous setups could be envis-
aged where spin is replaced with orbital (pseudospin)
degrees of freedom.26
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FIG. 3. Normalized spin current versus the energy level position Ed for (a)
different phonon frequency x0 at fixed direct tunnel coupling n ¼ 0:4 and
(b) different values of n for x0 ¼ 0:4. Parameters are taken as in Fig. 2 with
a fixed Rashba phase u ¼ 0:35p near which the maximum spin current am-
plitude occurs.
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